Electronic transport properties of carbon nanotubes are studied theoretically in the presence of external electric field E(t) by using the Boltzmann's transport with constant relaxation time. An analytical expression for the current densities of the nanotubes are obtained. It is observed that the current density-electric field characteristics of the CNs exhibit total self-induced transparency and absolute negative conductivity PACS numbers: 61.48.De 
I. INTRODUCTION
The electrical transport properties of carbon nanotubes (CNs) have been the subject of much research ever since the discovery by Iijima 1 of the quasi-onedimensional monomolecular structures. This may be due to their abilities to exhibit Bloch oscillations 2,5 at moderate electric field strengths. This oscillatory response makes CNs inherently nonlinear and as such can perform varieties of transport phenomena. Under different conditions of an external electric field, an electron is predicted to reveal a variety of physical effects such as Bloch oscillations, self-induced transparency, negative differential conductivity, absolute negative conductance 4 , etc. We shall demonstrate in this paper two phenomena in CNs, which are self-induced transparency and absolute negative conductance for the following cases respectively:
• When the CNs is exposed to an a.c electric field, i.e E(t) = E 1 cosωt
• When the CNs is exposed to an a.c. and d.c electric field, i.e E(t) = E 0 + E 1 cosωt
II. THEORY
Following ref. 3, 4 and using the approach similar to ref.
6 , we consider a response of electrons in an undoped achiral single-wall carbon nanotubes subject to an external electric field,
We use the semiclassical approximation in which π-electrons are considered as classical particles with dispersion law extracted from the quantum theory in the tight-binding approximation 4 . Considering the hexagonal crystalline structure of zigzag and armchair CNTs within tight binding approximation, the dispersion relation is given as 4 respectively,
Here γ 0 ∼ 3.0 eV is the overlapping integral, p z is the axial component of quasimomentum, ∆p ϕ is transverse quasimomentum level spacing and s is an integer. The expression for a in Eqns. (2) and (3) is given as a = 3b/2 . With the C-C bond length b = 0.142 nm and is the Plank's constant, we shall assume = 1. The − and + signs correspond to the valence and conduction bands, respectively. Due to the transverse quantization of the quasi-momentum, its transverse component can take n discrete values, p ϕ = s∆p ϕ = (π √ 3s)/an, (s = 1, . . . , n). Unlike transverse quasimomentum p ϕ , the axial quasimomentum p z is assumed to vary continuously within the range 0 ≤ p z ≤ 2π/a, which corresponds to the model of infinitely long CNT (L = ∞). This model is applicable to the case under consideration because of the restriction to the temperatures and /or voltages well above the level spacing 4 , i.e, k B T > ǫ C , ∆ǫ, where k B is Boltzmann constant, T is the temperature, ǫ C is the charging energy. The energy level spacing ∆ǫ is given by ∆ǫ = π v F /L, where v F is the Fermi velocity and L is the carbon nanotube length 
where e is the electron charge, f 0 (p) is the equilibrium distribution function, f (p, t) is the distribution function, and τ is the relaxation time. The electric field E(t) is applied along CNTs axis. In this problem the relaxation term τ is assumed to be constant. Expanding the distribution functions of interest in Fourier series as;
f rs e iarpz (5) and
Here the coefficient, δ(x) is the Dirac delta function, f rs is the coefficient of the Fourier series and Φ ν (t) is the factor by which the Fourier transform of the nonequilibrium distribution function differs from its equilibrium distribution counterpart. The expression f rs can be expanded in the analogous series as follows
Substituting Eqns. (6) and (7) into Eqn. (3), and solving with Eqn.
(1) we obtain
where β = (eaE 1 )/ω, J k (rβ) is the Bessel function of the k th order and Ω = eaE 0 . Similarly, taking into account the relation v z (p z , s∆p ϕ ) = ∂ǫ rs (p z )/∂p z , we represent ǫ s (p z )/γ 0 in Fourier series with the coefficients as follows;
−irapz dp z ,
the quasiclassical velocity v z (p z , s∆p z ) of an electron moving along the CNs axis is given by the expression
iarǫ rs e iarpz (10) showing that the velocity of electron is a periodic function of the momentum. The electron surface current density j z along the CNs axis is also given by the expression
where the integration is carried over the first Brillouin zone. Substituting Eqns. (6), (8) and (10) into (11) we find the current density for the CNs after averaging over a period of time t, as
(12) Equation (12) can be expressed in the form
If kωτ >> Ωτ and kωτ >> 1, Eqn. (13) takes the form
Where rβ = earE 1 /ω, J 0 (rβ) is the Bessel function of the zeroth order, ω = eaE 0 for zigzag CNs and Ω = eaE 0 / √ 3 for armchair CNs.
The second term in the bracket of equation (14) is less than the first term; however when again rβ coincides with the roots of the zeroth order Bessel function, the first term disappears and the current becomes negative, i.e. it flows against the applied d.c field. This phenomenon is called absolute negative conductivity and was first observed by Kryuchkov et al. 6 . Now, substituting E 0 = 0 in Eqn. (8), we obtain
Hence, we obtain
f rs ǫ rs . 
